We present a new satellite-based instrument concept that will enable global measurements of atmospheric temperature and humidity profiles with unprecedented resolution and accuracy, compared to currently planned missions. It will also provide global measurements of essential climate variables related to ice clouds that will better constrain global climate models. The instrument is enabled by the use of superconducting detectors coupled to superconducting filterbank spectrometers, operating between 50GHz and 850 GHz. We present the science drivers, the current instrument concept and status, and predicted performance.
INTRODUCTION
Over the last two decades, there have been quite significant improvements in the efficacy of numerical weather prediction (NWP) models, thanks to the increased usage of satellite observations in data assimilation systems. Reduction in errors for accurate weather forecasting requires improved Global measurements of atmospheric temperature and humidity. This requires instruments with high sensitivity, low radiometric noise, and high vertical resolution (high spectral resolution and good spectral coverage).
For climatology studies, a deeper understanding of how clouds will respond to a warming climate is one of the outstanding challenges. Uncertainties in response of clouds, and particularly shallow clouds, have been identified as the dominant source of the discrepancy in model estimates of equilibrium climate sensitivity. In particular, the role of ice clouds in the global climate system is a major source of uncertainty in Global circulation models. The role played by fluctuations in water vapour and the coupling of water vapour and atmospheric circulations is critical to our understanding of climate feedback processes. Improved accuracy and vertical resolution profiling of water vapour in the lower troposphere is required to reduce uncertainties in cloud-climate feedbacks and convection initiation.
For atmospheric temperature sounding, major contributors to the reduction of forecast errors are the Advanced Microwave Sounding Unit-A (AMSU-A), on board several platforms [1] , and the Infrared Atmospheric Sounding Interferometer (IASI) hyperspectral instrument on board the Meteorological Operational (MetOp) satellites [2] [3] [4] [5] [6] [7] [8] . For water vapour retrieval, currently one of the most informative satellite radiometers for humidity soundings is the Advanced Microwave Sounding Unit-B/Microwave Humidity Sounder (AMSU-B/MHS) [1] .
However, all of these instruments have drawbacks. Retrievals from infrared hyperspectral instruments such as IASI are considered to be of high quality. But these observations are restricted to clear sky conditions only. The microwave instruments can see down into clouds, and therefore provide important information. But the vertical resolution is very poor, due to the very limited (<10) number of sounding channels. The radiometric noise in these channels is also a limitation on performance.
We introduce in this paper a new instrument concept, one that that has potentially better performance (in terms of retrieval accuracy) than the infrared (IR) instruments, and is not restricted to only clear sky conditions. The instrument is enabled by on-chip superconducting resonators, coupled to superconducting detectors. The proposed device will couple the incoming signal through a broad-band antenna, which feeds into a co-planar waveguide or microstrip. The signal is then passed through a filterbank in the form of an array of superconducting resonators. The signal coupled into each resonator is read out with either a very sensitive transition edge superconducting (TES) detector, or a Kinetic Inductance Detector (KID). This technology should allow the incoming signal to be split into up to 1,000 narrow-band spectral channels. This new solution will allow full access to the 50-60 GHz atmospheric oxygen lines, which are critical for high-quality atmospheric temperature retrievals, with the potential for continuous spectral coverage up to ~1THz. This technology will enable a new generation of high-accuracy temperature and humidity sounding instruments, to enable improved weather forecasting ability. At the same time, the ability to cover much higher frequencies with the same instrument will provide critical data for climate modellers to better constrain global climate models.
ATMOSPHERIC SOUNDING FOR NUMERICAL WEATHER PREDICTION
For atmospheric temperature sounding, the AMSU-A instrument has a reasonably low radiometric noise and is rather insensitive to non-precipitating clouds, but is limited to 10 sounding channels around the oxygen band at 60 GHz for retrieval of atmospheric temperature profiles. On the other hand, the IASI instrument has 8461 channels in the infrared spectrum (from 4-15 μm), but cloudy pixels have to be precisely identified and rejected in order to avoid any contamination when retrieving temperature information. Moreover, among the whole set of available channels only about 100 are currently assimilated in NWP models, for both practical and scientific reasons [9] . For water vapour retrieval, the AMSU-B/MHS instruments are widely used in satellite data assimilation systems for numerical weather prediction, even though the limited number of spectral channels provides very poor vertical resolution [10] [11] [12] [13] . A recent European Space Agency (ESA) funded study by Prigent et al. [14] [15] [16] compared the predicted retrieval performance of a future hyperspectral microwave instrument to the predicted performance of the microwave (MW) instruments selected to fly on board the next generation of European operational meteorological satellites (MetOp-SG). For clear sky conditions, the reduction in retrieval uncertainty, compared to a priori information, goes from 2% to 10%, depending on the atmospheric layers, and is more than twice as good as what will be achieved with MetOp-SG. Improvements compared to a priori for humidity sounding can reach 30%, a significant benefit as compared to MetOp-SG results, especially up to 250 hPa. Maximum impact on the results is provided by the hyper-spectral information on the O 2 band around 60 GHz. Mahouf et al. [15] found that increasing the number of spectral bands around 55 GHz by a factor of three increases the information content on temperature by a factor of around 1.5. They found a clear benefit, in terms of information content, in increasing the number of spectral channels around the 55 GHz O 2 and 183 GHz H 2 O absorption lines, compared to current and future instruments. Higher frequencies will bring information on cloud ice and solid precipitation. The addition of MW hyperspectral observations will significantly enhance observations and retrieval capabilities. Firstly, if both IR and MW instruments observe the same geophysical variables (i.e., temperature and water vapour profiles), using multiple observations will bring more information to the retrieval. Secondly, since IR and MW observation noises are independent, the so-called "de-noising synergy" stipulates that using both IR and MW observations will reduce this noise and improve the retrievals. [17, 18] showed that the IASI retrievals are significantly improved when AMSU-A and MHS observations are added to the retrieval. With better MW observations from a hyperspectral MW instrument, we expect to improve even further the synergy with the IR hyper-spectral observations from IASI or the next generation of IASI instruments. A very important aspect in favour of a hyperspectral MW instrument for NWP applications is the fact that the microwave spectrum is less affected by clouds than the infrared one. The operational assimilation of clear sky infrared radiances in NWP models require stringent quality controls in order to exclude data that could be contaminated by clouds in the field of view of the instrument. Such quality controls are less drastic in the microwave allowing more radiances to be assimilated. This would be the case for a hyperspectral microwave instrument (as proposed here) compared to an instrument like IASI. This could potentially greatly increase the number of satellite observations assimilated in the NWP centres.
CLIMATOLOGY APPLICATIONS
Cloud ice and water vapour are the two components of the hydrological cycle in the upper troposphere, and both are currently poorly measured. The hydrological cycle is the most important subsystem of the climate system for life on the planet, and hence its understanding is an important scientific goal. Great progress has already been made towards this goal, except in the upper troposphere, where our knowledge is still very limited. Ice clouds play an important role in the energy budget of the atmosphere. They are at high altitudes, absorb longwave radiation from below and, as they are cold, emit little infrared radiation. This greenhouse effect warms the Earthatmosphere system. On the other hand, cirrus clouds reflect incoming solar short wave radiation and hence cool the Earth-atmosphere system. The net effect is crucial for the atmosphere, but will depend highly on the cloud's horizontal extent, vertical position, ice water content, and ice particle microphysical properties, which all influence the cloud's optical thickness. Thus, the special properties of cirrus clouds have a strong impact on radiative exchanges. Furthermore, cirrus clouds affect the atmospheric energy budget by releasing latent heat during the depositional growth of ice particles and by absorbing heat upon their sublimation. Eventually ice particles, if large enough, settle through the atmosphere and may enhance precipitation generation in lower clouds by the seeder-feeder mechanism. The importance of clouds in weather and climate processes has been recognized through a number of observational and modelling studies and is emphasized in the third Report of the Intergovernmental Panel on Climate Change (IPCC) [19] . All general circulation models (GCMs) for weather prediction and climate simulation now forecast the vertical distribution of condensate [20, 21] . Most models contain the liquid and ice water content (LWC and IWC) as prognostic variables, and forecast their value at each model time step and grid-point from separate water mass continuity equations [see e.g., [22] ]. However, the models contain considerable uncertainties and oversimplifications, largely introduced by the assumptions on ice sedimentation velocities and by the treatment of advection from one time step to the next. Thus, recent sensitivity studies, like the ones by Wilson [2000] [23] and Reinhardt and Wacker [2004] [24] , find that LWC and IWC vary considerably depending on the assumptions made. To illustrate this, Figure 1 (left plot) shows a climatology for zonal annual mean ice water path (IWP) for different climate models from the IPCC AR4 model data archive. The IWP is the vertically integrated IWC. It varies by up to an order of magnitude between the different models. The discrepancies in the model predicted IWP response to a CO 2 doubling (right plot of Figure 1 ) are even more striking. Even the sign of the response is uncertain. Some models predict an increase of cloud ice at latitudes where others predict a decrease. These discrepancies in IWP arise because the different models make different assumptions on ice particle properties and on how cloud ice particles are converted to precipitation. Most important in this respect are assumptions on ice particle size (D), mass, and cross-sectional area, because these properties directly influence the particle fall velocities [25] . To improve climate prediction it is necessary to validate the IWC fields of GCMs and resolve the discrepancies. For this purpose, direct global measurements of IWC or its vertical integral IWP are required, at a resolution compatible with the GCMs and fine enough to resolve typical cirrus features. Global measurements of D are needed to constrain the GCMs assumptions on ice particle size, and hence ice particle fall velocity. Submillimetre (sub-mm) radiometric measurements from satellite or aircraft in the frequency range of 300-1000 GHz have been proposed to investigate cirrus clouds [26, 27] . And the ice cloud instrument (ICI) to be launched on board MetOp-SG will go some way to addressing this need. But the filterbank spectrometer solution presented in this work will provide constraints on these essential climate variables with unprecedented accuracy. 
SATELLITE MEASUREMENTS
For meteorological applications, daily global coverage is essential, with as short a delay in receiving & processing data as possible (typically between 1 and 4 hours). The horizontal resolution requirement depends strongly on application. For instance, the maximum requirement is 50 km for current global NWP, 10 km for future NWP and climate applications, and 1 km for nowcasting and future regional applications. For climatological applications, daily global coverage is highly desirable. Good spatial coverage combined with high spatial resolution intrinsically limits the integration time per ground pixel, and therefore requires high-sensitivity detection with low noise, particularly if the instrument is scanned. Simultaneous IR data are useful to sample the smallest ice particles and thin cirrus clouds, and for the provision of clearsky temperature and humidity data. In principle, there are two options to achieve this, a dedicated IR radiometer on board the satellite, or a tandem flight with an existing satellite with IR channels. We propose the second option, and fly in tandem with MetOp. The IR data will be provided by the AVHRR/3 and IASI instruments on MetOp. The co-registration of the data will be done in the data processing chain. The high resolution AVHRR/3 data (1.1 km resolution at nadir) can relatively easily be mapped to the larger pixels of a MW instrument and will additionally provide an estimate of the subpixel cloud inhomogeneity. The mapping of the coarser resolution IASI data (12 km resolution at nadir) to the MW pixels will be more difficult, but will provide added value for scientific studies of not too inhomogeneous cloud types, such as large scale cirrus. The combination with MetOp has the important additional advantage that the full meteorological sensor suite of MetOp can be used to provide complementary data for full sky temperature, humidity and IWP retrieval. Particularly useful will be the humidity and temperature data from MHS and IASI, as well as data on cloud top altitude and cover from AVHRR/3. The cloud scene at 5 km resolution should not change significantly between the MetOp and the MW measurements, leading to a threshold time difference between the two measurements of 10 minutes and a target time difference of 1 minute. Scattering by ice particles introduces polarization effects. It is therefore necessary to observe at a fixed Earth incidence angle and with fixed polarization characteristics. These requirements can be met by a conical scanner. Low incidence angles are desirable in order to achieve a low sounding altitude, and hence to capture a large fraction of the total ice mass and water vapour column. But larger incidence angles are desirable in order to achieve a wide swath, and move towards global coverage in a shorter time interval. This was studied in detail by Jarret et al. [29] , who concluded that viewing angles should not exceed 60° from nadir. The exact value is not very critical, since opacity changes only slowly for moderate viewing angles. A good compromise is an Earth incidence angle of approximately 53°, which is also consistent with other conically scanning satellite instruments.
FILTERBANK SPECTROMETER DEVELOPMENT
Studies for hypothetical hyperspectral microwave sounders [14] [15] [16] have shown that adding more channels particularly around the O 2 (60GHz) and H 2 O (183 GHz) absorption lines significantly enhances the retrieval capabilities for high accuracy temperature and humidity sounding. Additionally, for accurate retrieval of IWP, it is important that a significant part of the ice particle size distribution is sampled. The exact channel set to be implemented needs to be fully evaluated by a dedicated study, in order to derive the optimal channel set for maximum information content retrieval, with minimum channel redundancy. However, as a first iteration, we propose to implement an instrument with frequency coverage in the range 50 -800 GHz with up to 1000 strategically-placed channels. Each spectral channel will have a bandwidth (ν/Δν) ~1000 (0.1%).
Filterbanks based on kinetic inductance detectors (KIDs)
On-chip superconducting filterbanks with KID detecting elements are being developed in the DESHIMA [30] and SUPERSPEC [31] projects. Prototype devices have already demonstrated spectral resolutions of around 800 (ν/Δν), and near-background-limited performance. These on-chip filterbanks use a series of superconducting microresonators instead of, for instance, an optical grating to divide the incoming signal into separate wavelength bins. The advantage of using KIDs is that they are relatively simple to fabricate, and can be multiplexed to a high ratio, with up to 1000 elements being readout on a single feedline [32] . Note that response below 140 GHz is currently not possible using KID detectors based on Aluminium films, due to the photon energy required to break a Cooper pair in the superconducting film.
Filterbanks based on transition edge sensors (TES)
We are currently developing a low-noise filterbank chip spectrometer based on transition edge sensors [33] [34] [35] [36] [37] . We believe that it more prudent, certainly at long wavelengths, to use TESs as the primary sensing elements. No other group has adopted this approach, which is far more secure, certainly at longer wavelengths, than using KIDs. Indeed, TESs continue to be the preferred technology for many areas of observational astrophysics. Although KIDs offer great promise, particularly with respect to multiplexed arrays having hundreds of thousands of pixels, TESs are still seen as the most reliable way of delivering low-noise, high dynamic range, well-calibrated observations. In those cases where "only" hundreds or thousands of pixels are needed, TES-based instruments continue to be proposed and built. Importantly for this application, TESs are eminently suitable for realizing instruments working at frequencies lower than about 140 GHz whereas KIDs are not.
This is a critical advantage -using TESs will allow us access to the very important 50-60 GHz temperature sounding region, something not yet possible with KID technology.
TESs can be designed for both high and low background observations with confidence that designs will perform according to the specifications laid down. They have demonstrated NEPs that are much lower than KIDs, have higher saturation powers, and are more adaptable to background loading effects. TESs can also be more easily coupled to RF microstrip feed lines. With the advent of Frequency Domain Multiplexing (FDM), which is the baseline for the FIR TES instrument SAFARI [37] [38] [39] on the SPICA space telescope, and the x-ray TES instrument IXFU on the ATHENA space telescope [40] , and with the realization of SQUID multiplexers based on superconducting resonators, very large arrays (many thousands of pixels) can be realized. Our single-chip filterbank spectrometer will comprise an array of TES sensors connected to an array of thin-film RF filters, which in turn are connected to a single incoming microstrip transmission line. The whole spectrometer can be lithographically fabricated using superconducting films, giving extraordinary performance and functionality. A complete spectrometer having many tens of channels could be fabricated on a single Si chip measuring just 2 x 2 cm. Although our demonstrator will target the frequency range 50-60 GHz, the underlying technology will be suitable for frequencies ranging from a few tens of GHz up to many hundreds of GHz, and for spectrometers having several hundred spectral channels. Each TES would comprise a MoAu bilayer on a 200 nm SiNx membrane, with near ballistic phonon transport along lithographically patterned legs [41] (Figure 2) . RF power would be brought onto each TES using a thin-film superconducting microstrip transmission line, which runs along one of the supporting legs, and then deposited in a tiny AuCu load on the membrane. We could also use Nb and NbN TESs for higher temperature operation. A high performance filterbank spectrometer will be realized, where the individual RF filters can be patterned using superconducting microstrip technology, where a typical microstrip is just 2 µm wide, and the SiO 2 dielectric just 200nm thick. A key feature of superconducting transmission lines is that because of the kinetic inductance effect, the wavelength of radiation is substantially reduced, leading to physically small distributed RF components. Also, at these wavelengths, the RF components will be essentially lossless, leading to near-ideal filter characteristics. A key feature of our approach is that we can realise miniature on-chip filters having almost any passband characteristic, and place the centre frequencies anywhere over the band of interest. Thus the individual spectrometer channels can target particular bands without any harmonic, or other, relationship between them. It would also be possible to fabricate a total power detector on the same chip for calibration purposes. We commonly fabricate a miniature (tens of microns in size) chip resistor on each TES membrane in order to provide an absolute calibration against a DC power source. This means that each TES can be absolutely calibrated against a DC source, which would be invaluable for precise power measurements. KIDs cannot be calibrated in this way. Each device will be read out using a superconducting SQUID, which is mounted in the same box as the spectrometer chip, but in a different sealed cavity. For large numbers of spectral channels, Frequency Domain Multiplexing (FDM) will be used.
INSTRUMENT CONCEPT
The instrument concept we propose is a conically-scanning instrument with a scan system and antenna similar to that under development for MWI [42] [43] [44] [45] , in order to minimise development effort and risk. MWI is a conically scanning radiometer, with a 75 cm diameter primary aperture. The MWI instrument (antenna and receivers) rotates continuously about an axis parallel to the local spacecraft vertical, and the antenna system will view the Earth scene with a nearly constant incidence angle of about 53°. The proposed mechanical layout of MWI is shown in Figure 4 . Although the antenna and receiver assembly rotates continuously, a fixed rod through the scan assembly emerges above the rotating drum upper plane to support two calibration targets that are viewed by the receiver for a portion of each scan. The cold calibration target is oriented towards deep space, in the anti-sun direction. We propose to use elements of the MWI system, but with changes to the optics, the receiver system, and the requirement for active cooling. We discuss these aspects below. 
Receiver system
The key difference from MWI is the replacement of the heterodyne receivers with our ultrasensitive on-chip spectrometers. This will enable near-photon-noise limited detection capability spanning 50-800 GHz, with channel resolutions of around 1000 (ν/Δν). This concept has several major advantages over equivalent spectroscopy systems:
• An order of magnitude increase in the number of detectors (and therefore spectral channels) compared to other sub-mm spectroscopy instruments developed for astronomy and Earth observation applications • Large instantaneous bandwidth, and the freedom to sample only discrete bands within the spectrum • Dramatic reduction in overall instrument volume and complexity, as one instrument could exceed the capabilities and coverage of all three microwave/sub-mm instruments (MWS, MWI, ICI) to be flown on MetOp-SG The typical bandwidth of a filterbank would in practice be around 1 octave. We would envisage using closely-spaced lens-coupled antennas to feed filterbanks covering adjacent spectral bands. E.g. 50-100, 100-200, 200-400, 400-800 GHz. Each antenna and filterbank combination could be arranged similarly to that proposed for DESHIMA [30] , as illustrated in Figure 5 . This would allow for three or four antenna/spectrometer banks to cover the complete frequency range at one polarization, and the other three/four antenna/spectrometer banks to cover the orthogonal polarization. This arrangement also adds redundancy, if one were to sacrifice polarization capability. Note that it may prove beneficial to replace the lenses with broadband feedhorns. This would be investigated as part of a detailed instrument design study. 
Optics & scan system
The lenses (or feedhorns) are placed at the focus of a parabolic primary mirror. Alternatively, the primary focus could be reimaged by cold optics, which would provide a useful cold stop for control of beam sidelobes. A possible implementation of the optical system would be as indicated in Figure 6 .
The parabolic primary mirror views a planar scan mirror to implement the required conical scan pattern. Attached to the scan mirror driveshaft could be additional mirrors to intercept the detector beam prior to the cold optics to direct it to view calibration loads on a portion of each scan. We could also consider simply rotating the primary parabolic mirror to implement the scanning, and dispensing with the planar scan mirror. The optical and scan system requires further system-level study, particularly in regard to polarization effects and calibration implementation, to derive the optimal solution. 
Cooling system and thermal considerations
The focal plane would need to be cooled to ~300 mK, with an operational design lifetime goal of around 7 years. This requires high reliability mechanical cryocoolers, attached to a 3 He sorption cooling system. The 3 He system would be based upon proven heritage from Herschel PACS [46] and SPIRE [47] On our proposed instrument, the situation is slightly different in that the 50K passive pre-cooling will be replaced by a passive radiator operating at 80K. This means that there will need to be a re-design of the cooler to accommodate the higher first stage operating temperature. The radiator design is a critical element of such an instrument, and requires detailed study. In such a proposed orbit, the anti-Sun direction is still exposed to significant infrared load from the Earth. The Planck JT compressors were supplied by EADS Astrium, based upon a licensed design from RAL, the compressors are first generation linear motor reciprocating mechanisms originally developed for Stirling cycle coolers which have now amassed around 15 years of in-orbit operational life between 24 mechanisms. The 4K cooler requires pre-cooling to temperatures below the inversion temperature for helium (about 27K). In practice, the lower the pre-cooling temperature (within limits), the better the cooling power. The RAL two-stage 15 K cooler has been in development for many years and is now able to deliver around 250mW at 15.4K and a no load base temperature of 9.8K. The compressor input power under these conditions would be around 135W. This could provide the basis of an excellent pre-cooler for our instrument.
PREDICTED PERFORMANCE AND PRELIMINARY RETRIEVAL SIMULATIONS
Preliminary temperature and humidity retrieval simulations have been carried out for clear-sky conditions. Simulations were run to compare the performance of an idealised IASI-type hyperspectral IR sensor to a proposed hyperspectral KID-based microwave sensor. The IR sensor was set up with 8534 channels in the range 19-83 THz, with channel sensitivities (NEΔT) in the range 0.1 -0.2 K. The microwave/sub-mm sensor was set up with 1000 channels in the range 100-850 GHz, with NEΔT values in the range 0.007 -0.024 K.
Note that these simulations were run for a KID-based instrument, where access to the important frequencies below 100GHz was not possible. The technology we propose here will allow access to the critical 50-60GHz O 2 temperature sounding lines, which should significantly enhance capability.
Clear sky radiances were calculated using ARTS (Atmospheric Radiative Transfer Simulator) [49] . Comparing the IR and MW spectra (Figure 7) , the MW spectrum is much "cleaner". Although IASI has over 8000 channels, there are many more absorption lines, and we get several lines in each spectral bin. In the MW, as well as having a cleaner brightness temperature spectrum, the overall opacity is lower, allowing us to probe deep into clouds. Also, looking at the humidity Jacobian in particular, the brightness temperature is very sensitive to water vapour content and altitude. Retrieval simulation results are presented in Figure 8 to Figure 10 . Figure 8 shows the predicted retrieval error for water vapour as a function of altitude. It can be seen that the performance of the MW instrument is superior to that of the IR instrument, particularly at lower altitudes. But MW instrument is not limited only to observations under clear sky conditions, unlike the IR instrument. The MW instrument can see down into clouds, and can disentangle the cloud and water vapour signals. This is a significant advantage. Figure 9 shows the predicted temperature retrieval error. Again, note that the performance is slightly better than that of the IR instrument, and that we are not limited to clear-sky conditions. Also note that this performance is achieved WITHOUT employing detectors around the 50-60 GHz O 2 temperature sounding lines. As part of this study, further simulations will be run with the inclusion of these low frequency channels. We expect a large performance increase, particularly for temperature retrieval. The error increases at higher altitudes due to the absorption lines becoming narrower, as a result of decreased pressure broadening. Figure 10 presents the predicted vertical resolution for water vapour retrieval. For the MW instrument, we achieve vertical resolution in the troposphere of better that 1.5 km. This is a very large advantage over the microwave & sub-mm instruments under development for MetOp-SG (MWS, MWI, ICI). These instruments have very poor vertical resolution, typically "resolving" the atmosphere into ~3 layers. 
CONCLUSIONS
We have presented a new instrument concept for meteorology and climatology applications enabled by the use of novel on-chip superconducting filterbank spectrometers, coupled to transition-edge superconducting sensors. Such an instrument should significantly enhance weather forecasting ability, and reduce uncertainties in global circulation and climate models.
